Etched glass bubbles (GBs) with through-holes at the micron level were fabricated by etching them using dilute hydrofluoric acid (HF) in a specially designed mixer. The semi-segmented mixer under mechanical agitation produces circulation of the GBs in solution, purposely completing the processes of the etching reaction on the GBs, filling the etched GBs with solution, and depositing the well etched GBs in the mixer bottom for collection. Highly reactive primary amine and diisocyanate monomer were separately infiltrated into the etched GBs and formulated as self-healing materials with satisfactory healing performance, indicating the robustness and versatility of the etched GBs.
The synthesis of mechanically robust, chemically and thermally stable micro-containers are the major challenges to develop instant, economical, and durable self-healing materials for practical engineering applications. Aer the rst generation of self-healing material was realized by the incorporation of microcapsules containing dicyclopentadiene (DCPD) and the pre-dispersed Grubbs' catalyst, 1 quite a few self-healing systems have been developed, [2] [3] [4] [5] [6] [7] [8] among which the embedding of additive carriers containing reactive healing agent is a major approach for both structural composites and functional surface coatings due to its ease of manufacture and material integration.
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Currently, there is always a big challenge to apply highly reactive healing agents with ease of processing to realize instant repair of damage. As epoxy is a very important structural matrix, the homogeneous healing of it is very attractive to achieve better material compatibility and lower cost. 17, [23] [24] [25] [26] [27] [28] [29] [30] However, the most widely used hardeners, amines and their derivatives, have rarely been reported as healing agents due to their solubility in water and their reactivity. McIlory et al. demonstrated the breakthrough of direct encapsulation of a liquid amine derivative using a reverse emulsion method but did not provide sufficient self-healing data to assess these capsules's performance. 31 Jin et al. developed a two-step method to rst synthesize polymeric hollow microcapsules and then inltrate them with a modied aliphatic polyamine. 29 However, the long-term stability of the polymeric shell corroded by the amine degradation at elevated temperature limits their potential applications. 29 Isocyanate is another very promising healant as it can react with many chemicals that have active hydrogen atoms, including polyols, polyamines, polythiols, and even water or moisture in surroundings. Yang et al. for the rst time reported the microencapsulation of a less reactive isophorone diisocyanate (IPDI) based on the interfacial polymerization of butanediol with toluene diisocyanate (TDI) prepolymer. 32 Recently, Huang and Yang demonstrated the microencapsulation of a more reactive hexamethylene diisocyanate (HDI) with the shell formed by the reaction of a polyol with a commercial prepolymer based on methylene diphenyl diisocyanate (MDI). 33 However, the susceptible water and solvent permeability and poor thermal stability of the microcapsule shell formed in the current microencapsulation methods highly restrict their engineering applications.
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It is highly desired to develop a method to produce mechanically robust, chemically and thermally stable microcontainers to store reactive agents for self-healing materials. An innovative method is herein proposed to address these issues by using modied GBs with small through-holes of micron size as universal healing agent carriers. Fig. 1 shows the whole procedure adopted in this study, which includes the etching of the GBs, the loading of the etched GBs with reactive chemicals, and the fabrication of self-healing samples with two-part and onepart healing mechanisms. The GBs were etched by diluted 1% HF solution using a specially designed device consisting of three parts, i.e. a mixer with three segmented but connected zones, a curved four-blade propeller, and a feeder with a tubule extension for the gradual addition of HF solution, as shown in Fig. 2a . The three semi-segmented zones with different functions from top to bottom are: the reaction zone with gentle agitation for the etching reaction and circulation of GBs; the separation zone for the separating and sinking of the welletched GBs from the intact ones; and the collection zone for the deposition of the well-etched GBs. The separating and sinking function of the separation zone is attributed to the quasi-static feature originating from the inserted separation meshes and cross barriers. In order to impede the HF from the two top zones moving into the bottom collection zone to further etch the deposited GBs, a separator with a long tubule is inserted between the separation zone and the collection zone. The edge between the separator and the mixer is well sealed for better isolation. Fig. 2b shows the etching process by the manufactured practical reaction system in our lab. Every part of the system runs as designed. The enlargement in Fig. 2c illustrates the deposition of the GBs through the small tubule of the separator during etching.
The controllability of this system lies in the separation of the well-etched GBs from the intact ones, and the further deposition of them at the bottom simultaneously and continuously brought by the introduction of the three different zones in the same mixer. During etching, intact GBs with low density participate in circulation under mild stirring in the mixer. Once small holes form in the shell by etching, solution will inltrate into the etched GBs therein gradually. With the increase of solution in the cavity of the etched GBs, their density increases and nally becomes larger than that of the solution. When these etched GBs circulate to the quasi-static separation zone, they will separate from the intact GBs automatically as shown in the Fig. 1 The schematic illustration (not to scale) of the whole experimental process, including the etching of GBs, the loading of the etched GBs, and the sample preparation of two-part self-healing epoxy and one-part self-healing coating. The healing performances of self-healing epoxy and coating were characterized using the TDCB specimen (top right image) and the coated metal substrate (bottom right image), respectively. scheme at top right in Fig. 2a , and nally deposit onto the bottom through the tubule of the separator for collection, as illustrated by the scheme at bottom right in Fig. 2a and the enlargement in Fig. 2c . Consequently, the etched GBs with holes and thinner walls, which can be easily broken by the propeller and further etched by the HF solution, keep stationary in the collection zone rather than circulating and reacting in the top zones. The through-holes in the GBs will be prevented from over-etching if this mixer is employed. Fig. 3a shows the SEM image of the as-received spherical GBs with diameters ranging from 63 mm to 90 mm and wall thickness of around 1 mm (inset image) aer removing debris. The shell thickness measured from more than 50 different broken GBs is 1.16 mm with a large standard deviation of 0.57 mm, indicating that the thickness of the glass shell is not uniformly distributed. The enlarged SEM images reveal that all the GBs have smooth outer surface dotted with nanoparticles, as shown in Fig. 3b . In addition, some existing defective areas with loose structure and microcrack are observed in Fig. 3b and c, respectively. Both thinner regions due to uneven thickness and pre-defective areas of GBs with loose structure are prone to be etched to form through-holes.
The etched GBs aer water-deposition to remove debris are shown in Fig. 3d . Additional overview image of the etched GBs can be found in Fig. S1 . † Compared with the original bubbles, the etched ones show three major changes in their proles. Firstly, the smooth outer surface with nanoparticles was etched to rough region with uniformly distributed nano-pits (Fig. 3e) , which can be attributed to locally uneven reacting rate and might bring another benet to enhance interfacial bonding strength when used in a polymeric matrix. Secondly, throughholes at the micron level were formed in the glass wall, as shown in Fig. 3e-g . The thin-edged through-holes presented in Fig. 3e and f may be etched from thinner walls or existing cracked areas as shown in Fig. 3c , while the sharp through-hole shown in Fig. 3g may be formed from the loose structure shown in Fig. 3b . Since the formation of a through-hole on the GB will lead to its deposition to avoid over-etching of the GB, very few holes could be formed in one bubble, which can be veried by the images of the etched GBs in Fig. 3d and Fig. S1 . † Lastly, the shell thickness was reduced from 1.16 AE 0.57 mm to 0.79 AE 0.41 mm aer the overall etching process, as typically shown as the inset image in Fig. 3d .
As an application of the etched GBs, a self-healing epoxy was prepared using two-part epoxy-amine chemistry by amine loaded GBs and epoxy lled microcapsules, as shown at the top right in Fig. 1 . The amine solution was inltrated into the etched GBs using the device as illustrated in Fig. S2 , † and the epoxy solution was encapsulated by poly(ureaformaldehyde) (PUF) shell as shown in Fig. S3 . † First the dispersion of the loaded GBs and epoxy lled microcapsules in the epoxy matrix were checked by optical microscopy, as shown in Fig. 4a aer curing at room temperature (20 C) for 4 h. It is revealed that almost all the GBs were fully loaded with amine solution, and that the two healing agent carriers were well dispersed in the epoxy matrix. Although there are small through-holes on every etched GB, the amine loaded in these GBs aer their incorporation into the epoxy matrix shows relatively high stability during the curing process, which can be seen from the optical microscopic images of the mixture aer being cured at room temperature for 24 h (Fig. S4a †) and then 35 C for another 24 h ( Fig. S4b †) . Fig. S5a -f † show the thermal stability of the loaded amine in the etched GBs at room temperature for 1, 2, 4, 8, 16, and 32 days, respectively. It can be observed that aer about 1 month (Fig. S5f †) , almost all the loaded GBs are full with amine, just as the appearance when they were freshly incorporated (Fig. S5a †) . Those observations demonstrate that the small holes at micron level in the etched GBs are so tightly sealed by the surrounding cured epoxy that the evaporation and diffusion of the amine is signicantly retarded or even completely restricted. The healing efficiency was characterized by the recovered percentage of mode I fracture toughness using short-grooved tapered double cantilever beam (TDCB) specimens, as illustrated in Fig. 1 at top right. The typical load-displacement curves of the specimen for the original fracture and healed fracture are given in Fig. 4b . Aer healing at 50 C for 24 h, average healing efficiency of 93 AE 17.2% was obtained when 11.25 wt% amine loaded GBs and 3.75 wt% epoxy lled microcapsules were mixed into epoxy matrix in this study. This healing efficiency is quite close to the healing performance (91.1 AE 6.5%) at the same healing condition by injection of excess amount of epoxy mixture with stoichiometric amine hardener. For the control specimens with pure epoxy or epoxy incorporated with only epoxy lled microcapsules, no healing was found aer the same healing condition. A typical morphology of the mirrored fracture surface is shown in Fig. 4c and d . The arrow 1 and arrow 2 in Fig. 4e indicate a fractured GB and a fractured microcapsule, respectively. The epoxy thin lm newly formed by the released healing agents is clearly observed at the fracture surface (arrow 3 in Fig. 4e) . Compared with the smooth fracture surface of the control specimen incorporated with only epoxy lled microcapsules (Fig. 4f) , this new lm adhered the two fracture surfaces, recovering most of the load bearing ability. Compared with the adhesive failure of the healed epoxy realized in the DCPD-Grubbs' catalyst system, 1 the cohesive failure in this case demonstrates that the bonding strength of the interface is higher than the fracture strength of the formed epoxy lm due to the homogeneous healing by the two-part epoxy-amine chemistry.
Another example to show the feasibility and versatility of the etched GBs is that they were loaded with very reactive diisocyanate, toluene diisocyanate (TDI), and mixed into UV curable resin, Norland Optical Adhesive (NOA) 61, to prepare self-healing anti-corrosive coating on steel substrates, as shown at bottom right in Fig. 1 . Fig. 5a -h show the corrosion process of the scratched control and self-healing specimens right aer scratching (0 day) and aer immersion in the 1 M sodium chloride (NaCl) solution for 1, 4, and 7 days (more digital images given in Fig. S6 †) . Compared with the control specimen with rust growing gradually in the scratches aer immersion in the corrosive solution, the self-healing coating stayed unchanged as in the original appearance. Besides that, the area corroded by the salt solution spread beneath the coating near the scratch for the control specimen.
Aer 7 days, no change was observed at the self-healing specimen while serious corrosion took place at the control specimen, resulting in the color of the scratch darker and the corroded area wider. And some etching pits, as indicated by the circle in Fig. 5d , appeared and grew around the seventh day. Fig. 5i and j separately give the schematic setup of the electrochemical test and the corresponding polarization resistance curves of the two coatings aer immersion in salt solution for 7 days. Compared with the rapid increase of the current density accompanied with the increased potential for the control specimen, the change of the current density for the self-healing specimen is much smaller. This electrochemical behavior veries the self-healing functionality introduced by TDI loaded GBs. The SEM images in Fig. 5k and l show the scratched area in the control and self-healing coatings, respectively. The scratch in the self-healing coating was well sealed by the released TDI from the ruptured GBs during scratching while the open scratch in the control coating was empty with nothing. As stated before by Huang and Yang, 33 the incorporated TDI loaded GBs can achieve self-healing and anti-corrosive functionalities in two aspects: the sealing of the scratch by the formed polyurea wedge from reaction of the released TDI with water in surroundings (Fig. 5j) , and the depletion of the diffused water through the coating by the TDI in the intact GBs to avoid the pitting corrosion (circle in Fig. 5d ). In summary, we reported the fabrication of GBs with small through-holes which were controllably etched by dilute 1% HF solution using a specially designed reaction system. The GBs were etched as expected in the mixer to achieve the small through-holes in the shell. A self-healing epoxy and a selfhealing anti-corrosive coating based on the etched GBs loaded with different healants were successfully fabricated to verify their self-healing performance in terms of the recovered mode I fracture toughness and scratch-sealing behavior, respectively. The highest healing efficiency for the self-healing epoxy of about 93% was obtained when the specimens were incorporated with 11.25 wt% amine loaded GBs and 3.75 wt% epoxy lled microcapsules and healed at 50 C for 24 h aer fracture.
Cohesive failure of the crack plane was found during the fracture aer healing. As for the self-healing anti-corrosive coating, almost complete sealing of the scratch was achieved and protection of the intact area from pitting corrosion was found by the incorporation of TDI loaded GBs.
